As rod photoreceptors are responsible for night vision, we administered isotretinoin to rats to learn whether night blindness resulted from rod cell death or from rod functional impairment. High-dose isotretinoin was given daily for 2 months and produced systemic toxicity, but this caused no histological loss of rod photoreceptors, and rod-driven electroretinogram amplitudes were normal after prolonged dark adaptation. Additional studies showed, however, that even a single dose of isotretinoin slowed the recovery of rod signaling after exposure to an intense bleaching light, and that rhodopsin regeneration was markedly slowed. When only a single dose was given, rod function recovered to normal within several days. Rods and cones both showed slow recovery from bleach after isotretinoin in rats and in mice. HPLC analysis of ocular retinoids after isotretinoin and an intense bleach showed decreased levels of rhodopsin chromophore, 11-cis retinal, and the accumulation of the biosynthetic intermediates, 11-cis and all-trans retinyl esters. Isotretinoin was also found to protect rat photoreceptors from light-induced damage, suggesting that strategies of altering retinoid cycling may have therapeutic implications for some forms of retinal and macular degeneration.
vitamin A ͉ rhodopsin ͉ rat ͉ electroretinogram ͉ rod photoreceptor V isual response in vertebrate rod photoreceptors begins when light isomerizes the rhodopsin chromophore 11-cis retinal to all-trans retinal. The bleached photopigment activates the signal transduction cascade within the rod, leading to membrane hyperpolarization and thereby to retinal visual signaling. Part of the recovery mechanism from bleach requires reconversion of the chromophore to 11-cis retinal by enzymatic reactions (the vitamin A cycle) that occur within the adjacent retinal pigment epithelium (RPE) (1) . Disruption of the vitamin A cycle retards restoration of night vision sensitivity. Human dietary vitamin A deficiency can cause night blindness (2) , as does dietary substitution of retinoic acid in rats (3) . Alternatively, night blindness can result from death and loss of rod photoreceptors in retinal degeneration (4) , including some forms involving mutations in genes necessary for retinoid processing in the RPE (5) . Some isotretinoin patients report impaired visual sensitivity at night and daytime glare sensitivity, suggesting photoreceptor compromise or loss (6) . We have investigated the mechanism of isotretinoin-induced night blindness by evaluating ERGs, rates of rhodopsin regeneration, and retinoid processing in rats. We also evaluated the possible therapeutic benefit of isotretinoin in the rat light-damage model of retinal degeneration.
Materials and Methods
Animals. Protocols were approved by the University of Michigan's Committee on the Use and Care of Animals. SpragueDawley male 7-wk-old albino rats (Charles River Breeding Laboratories) were housed in 12:12 h light͞dark cycle of 5 lux fluorescent white light. Rats were fed high-fat breeding chow (Formulab; PMI Feeds, St. Louis) containing 15 units͞gm vitamin A. C57BL͞6 mice were born in our laboratory and housed under 50 lux 12:12 h lighting.
Isotretinoin Treatment. Injections of 40 mg͞kg isotretinoin i.p. (Hoffmann-La Roche) in 0.18 ml DMSO (Sigma) were given daily to chronic rats for 8 wk. Controls received 0.18 ml DMSO i.p. Rats were killed 2 d after final injections. Acute treatment rodents were dark-adapted overnight and given a single i.p. injection of isotretinoin 40 mg͞kg in 0.18 ml DMSO under dim red light and kept in darkness for 1 h before being exposed to the bleaching light before ERG measurements.
Histology. Rats were euthanized (sodium pentobarbital, 300 mg͞kg i.p.), and eyes were removed and placed overnight at 4°C in 2% paraformaldehyde and 2.5% gluteraldehdye in 0.1 M cacodylate buffer. Eyes were postfixed in 1% osmium for 1 h and embedded in Epon. One-micrometer-thick vertical sections through the optic nerve were cut and stained with toluidine blue for light microscopy. Column cell counts of outer nuclear layer thickness and rod outer segment (ROS) length were measured every 200 m across both hemispheres, and the numbers were averaged to obtain a measure of cellular changes across the entire retina for comparison with full-field ERGs.
ERG Recordings. Animals were prepared in dim red light and anaesthetized with xylazine (13 mg͞kg i.m. loading dose, then 0.9 mg͞kg͞h) and ketamine (86 mg͞kg i.m. loading dose, then 5 mg͞kg͞h). Pupils were dilated with 0.1% atropine and 0.1% phenylephrine HCl. Body temperature was maintained near 38°C while recording ERGs from both eyes simultaneously by using gold-wire corneal loops under 1% tetracaine topical anesthesia. Gold-wire differential electrodes were placed on the sclera near the limbus. A ground wire was attached to the ear. Responses were amplified (10,000 gain, 0.1-1,000 Hz). Xenon photostrobe full-field Abbreviations: RPE, retinal pigment epithelium; ERG, electroretinogram; ROS, rod outer segment; log, logarithm. § To whom reprint requests should be addressed. E-mail: psieving@umich.edu. ¶ P.C. and M.K. contributed equally to this work. The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Rhodopsin Measurement. Procedures were carried out in dim red light by using infrared goggles. Rats were dark-adapted for 12 h and euthanized. Retinas were removed (8) and placed in 0.5 ml 1% emulphogene in 1-ml Eppendorf tubes (9) . The tubes were kept in the dark at 4°C for 1 h, centrifuged, and the supernatant absorbance (400-700 nm) was determined (Lambda 20 UVVisible Spectrophotometer, Perkin-Elmer). Rhodopsin was bleached completely by 5 min exposure to bright white light and rescanned to obtain difference spectra. Spectra were zeroed at 700 nm, and the rhodopsin amount in nanomols per eye was calculated from the absorbance difference at 500 nm.
Retinal Light Damage Experiments. Rats were acutely treated with i.p. isotretinoin and 1 h later exposed to 2,000 lux white fluorescent light for 48 h (10). ERGs were recorded 7 d later, and histology was performed immediately.
Retinoid Extraction and Analysis. Rats were euthanized, and eyes were enucleated and frozen at Ϫ80°C (11). Eye tissue was homogenized in 0.1 M Mops, pH 6.5͞10 mM NH 2 OH͞0.2% SDS (2 ml) in a ground glass homogenizer; 2 ml ethanol was added, and retinoids were extracted into hexane (10 ml total). Extracts were evaporated under argon, dissolved in 0.3 ml hexane, and the retinoid content analyzed by using HPLC normal phase HPLC [Supelcosil LC-SI column (250 mm ϫ 4.6 mm, 3 m); Supelco] and mobile phase of 95:5 hexane͞dioxane at 1 ml͞min flow rate. Absorbance was monitored at 325 nm, and peaks were identified by comparison to standards. The retinyl ester peak was collected, saponified with 0.35 M ethanolic KOH (12) , and products analyzed by HPLC as described above. 13-cis retinal, all-trans retinal and all-trans retinyl palmitate standards were purchased (Sigma). 11-cis retinal (gift from the National Eye Institute, Bethesda, MD, and Rosalie Crouch, Medical University of South Carolina, Charleston). All-trans, 11-cis, and 13-cis retinol were generated from the aldehydes by reduction with NaBH 4 , and all-trans, 11-cis, and 13-cis retinal oxime were generated from the aldehydes by reaction with NH 2 OH (13).
Statistics. Student two-tailed t test was performed with unequal variance and sample size (14) . Two-way ANOVA was performed by using unbalanced repeated measures (15) .
Results
Isotretinoin Chronically Treated Rats. After 8 wks of daily 40 mg͞kg isotretinoin i.p., rats showed systemic toxicity of weight loss, stomach distension, and diarrhea (16) . The ERG waveforms remained normal (Fig. 1A) , and the ERG intensity-response functions overlapped for isotretinoin-treated, DMSO control, and untreated rats (Fig. 1B) . ERGs gave no evidence of impaired rod function. The dark-adapted b-wave maximum amplitude was unchanged from DMSO controls (P ϭ 0.94) and untreated controls (P ϭ 0.88) ( Table 1 ). These animals were infirm after 8 wk of treatment, and one died from anesthesia during the ERG recordings before the maximum response was elicited. Retinal histology at 8 wk showed no loss of photoreceptor nuclei compared with DMSO controls (P ϭ 0.37) ( Fig. 1C ; Table 2 ). ROS length was shorter (P ϭ 0.02) by about 20% in the isotretinoin animals, consistent with a possible photostasis mechanism (17) (discussed below). One can conclude that chronic daily isotretinoin injections, sufficient to cause systemic Dark-adapted rod b-wave recovery after intense bleaching light exposure was slowed markedly within 1 h of a single isotretinoin i.p. injection ( Fig. 2 A and B) . This effect dissipated within 6 days. The slowing of recovery correlated in graded fashion to isotretinoin doses of 5-80 mg͞kg (Fig. 2B) . Plotting the natural logarithm of b-wave normalized amplitude versus time linearized the recovery function (not shown), indicating that it followed an exponential course. The exponential recovery time constant (T o ) was slowed 15-fold by 40 mg͞kg isotretinoin compared with untreated normals (P Ͻ 0.0001) and DMSO controls (P ϭ 0.004) ( Table 3 ). The recovery function had reverted to normal when recorded in these same animals 3-6 d later. Rat cone recovery from bleach ( Fig. 2 D and E) was also slowed markedly by 40 mg͞kg isotretinoin i.p., with T o of 0.006 ϩ 0.001͞min (mean ϩ SD, n ϭ 3) compared with 0.037 ϩ 0.016͞min (n ϭ 3) for DMSO controls (P ϭ 0.03).
Rhodopsin Regeneration After Bleaching. Rhodopsin regeneration was measured to learn whether delayed ERG recovery resulted from slowed photopigment formation. The regeneration time constant T o after 40 mg͞kg isotretinoin i.p. was 20 h in treated animals versus 0.42 h in DMSO controls, or about 50 times longer (P Ͻ 0.0001) by two-way ANOVA. Isotretinoin did not alter the bleaching rate, because both control and treated retinas reached the same level of bleach after the short 5-min 300-lux exposure during which rhodopsin regeneration is negligible (Fig. 2C) .
Isotretinoin Effect on Mouse Rod and Cone Recovery from Bleach. To learn whether the isotretinoin effect could be observed in other species, we injected mice (Fig. 3) and evaluated rod and cone recovery. Isotretinoin slowed rod recovery in mice to 0.000 ϩ 0.0002͞min (mean ϩ SD), n ϭ 3 versus 0.0106 ϩ 0.0025͞min, n ϭ 3 for DMSO (P ϭ 0.003). Cone ERG recovery was evaluated in RhoϪ͞Ϫ mice (18), which do not express rhodopsin, allowing unequivocal isolation of cone responses (7). Cone b-wave recovery after bleach was slowed by isotretinoin [0.012 ϩ 0.012͞min (mean ϩ SD), n ϭ 2] versus DMSO control (0.125 ϩ 0.005͞min, n ϭ 2; P ϭ 0.007).
Analysis of Retinoid Processing. HPLC analysis of the retinoid content of the RPE and retina was used to determine the effect of isotretinoin treatment on the activity of the enzymes of the vitamin A cycle. Retinoid accumulation was assayed under various conditions. Control and acute-treatment rats were exposed to bleaching light and then dark-adapted for 2 h before retinoid extraction. Isotretinoin treatment resulted in two major changes in the HPLC chromatograms ( Fig. 4 A and B) : the accumulation of 11-cis retinal (measured as 11-cis retinal oxime) decreased to approximately one-fourth of control levels, and the retinyl esters increased almost 3-fold. Saponification showed that the accumulated esters consisted of all-trans and 11-cis retinyl esters in a 4:1 ratio (Fig. 4 A and B Insets) . Considerable levels of isotretinoin were found in eye tissues by formaldehyde extraction conditions (19) , but isotretinoin treatment alone, without light exposure followed by a recovery period in the dark, did not show any retinoid changes (data not shown). The findings are consistent with isotretinoin inhibition of the retinoid isomerase (isomerohydrolase) activity that is thought to convert and hydrolyze all-trans retinyl esters to 11-cis retinol (20, 21) . In addition, evidence for inhibition of 11-cis retinol dehydrogenase (RDH) activity, which converts 11-cis retinol to 11-cis retinal, comes from the accumulation of 11-cis-retinyl esters. Gene disruption studies have shown that loss of RDH activity results in accumulation of 11-cis retinyl esters rather than 11-cis retinol (11) . Significant accumulation of 11-cis retinol is limited by product inhibition of the retinoid isomerase (22) . The small increase in 11-cis retinol seen after isotretinoin treatment was confirmed by using another method favorable to extraction of retinols and esters (data not shown) (23) .
Rescue from Light-Induced Photoreceptor Damage. The lightdamaged albino rat is a model of photoreceptor degeneration induced by exposure to moderate light levels for a number of hours (24, 25) . There is increasing evidence that rhodopsin is the chromophore that mediates light damage (26, 27) . Because isotretinoin slowed rhodopsin recovery after a bleaching light exposure, we explored the possibility that isotretinoin might convey light damage protection. Rats were given 40 mg͞kg isotretinoin i.p. 1 h before starting 48-h 2,000-lux continuous light exposure. As the mean elimination half-life of isotretinoin is 10-20 h for human (28) but is unknown for rat, we injected the rats again at 24 h, halfway through the light exposure. Isotretinoin protection was evident by ERG functional assay ( Fig. 5 A  and B) and by histologic counts of photoreceptor nuclei remaining 1 week later (Fig. 5C ). Compared with no-light controls, threshold sensitivity of the b-wave was shifted Ͻ0.2 log unit (50 V criterion responses) in the isotretinoin treated eyes versus Ͼ5 log unit for DMSO treated animals; a-wave threshold (50 V criterion responses) was shifted only one-third log unit for the treated eyes versus Ͼ2.5 log unit for the DMSO animals. a-wave and b-wave amplitudes in DMSO animals did not reach 50 V levels even for the brightest stimulus. Retinal histology (Fig. 5C ), performed 7 d later, showed substantial preservation of photoreceptor nuclei in isotretinoin-treated animals compared with DMSO controls (Table 4 , P Ͻ 0.0001).
Discussion
Relationship to Clinical Symptoms. Isotretinoin administration in rats caused night blindness from impaired rod function without apparent retinal damage. Photoreceptor function returned to normal within days of acute treatment, consistent with the reversal of visual symptoms and ERG function in humans after discontinuing isotretinoin (6) . Even chronic treatment that caused systemic toxicity did not cause rod loss, indicating that night blindness is not the result of rod cell death. The chronically treated rats were reared in dim light and were not exposed to intense bleaching light, and consequently they showed normal rod function after prolonged overnight dark adaptation. Human isotretinoin therapy involves far smaller doses than were used in this rodent study, which may account for the few numbers of individuals who experience substantial night blindness. Slight ROS shortening after chronic isotretinoin treatment may result from ''photostasis,'' as albino rat photoreceptors adjust the ROS length and rhodopsin packing density to regulate the daily quantity of photons absorbed when animals are reared in cyclic illuminances over a 2-log unit range from 3 to 400 lux (17) . This autoregulation occurs primarily through ROS renewal (29, 30) . The slowed regeneration in isotretinoin-treated rats results in proportionally greater levels of steady-state bleach (although fewer photons absorbed) than control animals reared in the same light, and this might result in shorter ROS.
Mechanism of Action. Isotretinoin slowed rhodopsin regeneration and chromophore recycling within 1 hour after systemic administration by inhibition of the retinoid isomerase and 11-cis retinol dehydrogenase enzymes that are necessary for the synthesis of 11-cis retinal in the RPE. Although retinoic acid and other retinoids can act as transcription factors (31), and 13-cis retinoic acid is a potent human teratogen (32) , the time course of altered function observed experimentally appears to be too rapid to implicate a transcriptional mechanism.
11-cis retinol dehydrogenase (RDH5) is a candidate for inhibition by isotretinoin, as 13-cis retinoic acid inhibits this activity in vitro (33, 34) . Human Rdh5 gene mutations (35) cause fundus albipunctatus, a retinal dystrophy with markedly delayed recovery of visual sensitivity after bleaching light exposure (5, 36) . Both 11-cis retinol and 11-cis-retinyl esters accumulate in mice lacking Rdh5. However, Rdh5 knockout mice display normal dark-adaptation kinetics under bleaching light exposure conditions that cause considerable functional recovery deficit in fundus albipunctatus subjects (11) . Further, the Rdh5 knockout mouse showed accumulation of all-trans-retinyl esters. Thus, isotretinoin inhibition of 11-cis retinol dehydrogenase appears insufficient to explain the effects we observed in rats and mice in vivo. Although isotretinoin did not inhibit retinoid isomerase activity of frog RPE membranes in vitro (34) , our finding of the accumulation of all-trans-retinyl esters and 11-cis retinol in both rat and mouse treated with 13-cis-retinoic acid indicates inhibition of both the 11-cis retinol dehydrogenase and the retinoid isomerase in vivo. This effect could be direct, at the level of the enzymes themselves, or could result from competitive binding of 13-cis retinoic acid to retinoid-binding proteins that are involved in retinoid transport within and between cells.
Light Damage Rescue. The slowing of rhodopsin regeneration by isotretinoin protects photoreceptors from light damage and provides evidence that bleaching and turnover of rhodopsin are required to initiate damage. This is consistent with recent studies showing that the absence of rhodopsin in RhoϪ͞Ϫ mice (18) and Rpe65Ϫ͞Ϫ mice (37) confers nearly complete protection from light damage (27) . Although the subsequent steps in the damage cascade are unknown, these isotretinoin studies serve to exclude several possible mechanisms. First, bleaching all of the rhodopsin in the retina and maintaining this fully bleached state by preventing rhodopsin regeneration is not sufficient to cause substantial light damage. The high-intensity damaging light and 50-fold slowing of rhodopsin regeneration result in a nearly complete bleach for the duration of exposure. However, because chromophore regeneration is the rate-limiting step in rhodopsin turnover at high-light levels (17, 38) , many fewer photons are absorbed in the retina of isotretinoin-treated rats during the 48-h exposure. Second, ''constitutively active'' rhodopsin (39) is believed to contribute to photoreceptor degeneration in some genetic models through continuous low-level transduction sig- naling (40) . Free opsin may activate transduction with low catalytic activity (41, 42) , and this is thought to be the mechanism of bleaching adaptation (43) . Slowed chromophore recycling after isotretinoin will load the ROS with opsin during the 48-h light exposure, but evidently the resulting low level of transduction activation is not sufficient for significant light damage. Third, residual transduction activation should hyperpolarize the rod (43) . Further, even with the 50-fold slowing of rhodopsin regeneration by isotretinoin, residual cycling of chromophore will reconstitute some rhodopsin and activate transduction by conventional photon capture. Consequently, rods in these treated animals should remain hyperpolarized for the duration of the light exposure, but this chronic hyperpolarization apparently does not cause significant damage.
Therapeutic Implications for Genetic Photoreceptor Degeneration.
Manipulation of rhodopsin turnover may provide a useful therapeutic strategy for retinal and macular degenerations. Light accelerates retinal degeneration in several animal models that have corresponding human conditions, including transgenic mice expressing mutant opsin (44), the RCS rat (45), the rds mouse (46), the rhodopsin kinase knockout mouse (47) , and the arrestin knockout mouse (48) . Reducing the numbers of photoisomerization events may be beneficial in some genetic retinal diseases. A possible therapeutic strategy would be to decrease rhodopsin turnover by limiting the production of 11-cis retinal. This strategy might be tested in the AbcrϪ͞Ϫ mouse. The ABCR protein moves bleached retinoid across the rod disk membrane (49) . In the AbcrϪ͞Ϫ mouse, bleached chromophore couples with ethanolamine to form lipofuscin (50) , which accumulate in the RPE (51) , and in human, this leads to vision loss in Stargardt macular degeneration (52) . As dark rearing of AbcrϪ͞Ϫ mice prolongs rod cell survival, presumably by decreasing the retinoid turnover, a possible therapeutic strategy would be to slow production of 11-cis retinal and thereby limit isomerization events.
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